Fibre-based scaffolds have been widely used for tendon and ligament tissue engineering. Knitted scaffolds have been proved to favour collagenous matrix deposition which is crucial for tendon/ligament reconstruction. However, such scaffolds have the limitation of being dependent on a gel system for cell seeding, which is unstable in a dynamic environment such as the knee joint. This study developed three types of hybrid scaffolds, based on knitted biodegradable polyester scaffolds, aiming to improve mechanical properties and cell attachment and proliferation on the scaffolds. The hybrid scaffolds were created by coating the knitted scaffolds with a thin film of poly (ε-caprolactone) (group I), poly (D,L-lactide-co-glycolide) nanofibres (group II) and type 1 collagen (group III). Woven scaffolds were also fabricated and compared with the various hybrid scaffolds in terms of their mechanical properties during in vitro degradation and cell attachment and growth. This study demonstrated that the coating techniques could modulate the mechanical properties and facilitate cell attachment and proliferation in the hybrid scaffold, which could be applied with promise in tissue engineering of tendons/ligaments.
Introduction
Tendons and ligaments are dense collagenous connective tissues that join bones to muscles and bones to bones respectively. Injuries to these tissues are among the most common injuries to the body and are particularly common in the young and physically active population. Associated with the problems of suboptimal healing and recurrent injury, these injuries are not only responsible for large healthcare costs, but also result in lost work time and individual morbidity [1, 2] . Despite many improvements in the currently available therapies involving autografts, allografts and prosthetic grafts, there remain significant limitations in our management of these conditions. While conservative management is associated with a high rate of re-rupture, surgical management with tendon autografts is essential for lacerated injuries and injuries associated with soft tissue damage, as well as those needing secondary or delayed repair. But such treatment is associated with complications such as repair-rupture, adhesions and stiffness, reduced strength as well as donor-site morbidity. Tissue engineering holds promise in treating these conditions by replacing the injured tissue with an engineered tissue with similar mechanical and functional characteristics [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Scaffolds, cells and the environment (physical and chemical) constitute the three major components in tissue engineering, and successful engineering of any tissue requires that the various components be optimized. Engineering fibrous tissues such as tendons and ligaments requires the use of fibrebased scaffolds. Such scaffolds should possess an optimized architecture that provides favourable mechanical properties to withstand the high stresses faced by the tissue, and also a high porosity and surface area to allow the seeded cells to proliferate and regenerate the tissue.
When compared with the commonly used braided scaffolds which encounter problems of poor nutrient transmission and cell survival [12] [13] [14] , knitted microfibrous scaffolds possess an interconnected porous structure allowing better tissue growth [15, 16] . However, gel systems such as fibrin or collagen gel are required for cell seeding on these scaffolds. This is unsuitable for dynamic environments such as joints, where the cell-gel composite is prone to dissociate from the scaffold during motion. Furthermore, three-dimensional gel systems also encounter nutrient transmission problems, resulting in poor cell survival in the centre of the gel [3, 17] .
The present study was performed with two objectives. The first was to compare knitted scaffolds with braided and woven structures, in terms of their mechanical properties during in vitro degradation and cell attachment and growth. The second objective was to develop three types of hybrid scaffolds from knitted meshes and evaluate them for improvement in their mechanical and biological properties [18] . The hybrid scaffolds were created by coating the knitted scaffolds by various methods: group I, using a thin film of a biodegradable polymer, poly (ε-caprolactone) (PCL); group II, using nanofibres of poly (D,L-lactide-co-glycolide) (PLGA) and group III, using a film of a natural biopolymer, collagen type I. 
Materials and methods

Group I: PCL-coated knitted scaffolds.
Knitted PLGA scaffolds were briefly dipped into a 6% (w/v) PCL (Aldrich, WI) solution in chloroform, taken out and air-dried overnight. This resulted in coating of a thin film of PCL over the knitted scaffolds, filling up its pores. To re-create the pores, the scaffolds were placed in a 70
• C oven for 30 min (to melt away the PCL film) and then air-dried. A subset of the hybrid scaffolds was used directly, without any heat treatment, for cell-seeding experiments. 
Group II
2.1.4.
Group III: collagen-coated knitted scaffolds. Collagen type I (rat-tail tendon, BD Biosciences) solution in acetic acid was neutralized with 7.5% sodium bicarbonate and 0.8 ml of it was applied to each knitted scaffold placed on a glass slide, kept cold on an ice-tray to prevent rapid gelling of collagen. The scaffolds were then placed in a 37
• C incubator for 45 min to allow the collagen to gel around the knitted scaffold, following which they were air-dried overnight.
Woven scaffolds.
Using a custom-made manual weaving device, scaffolds of 20 mm × 35 mm dimensions were woven from PLGA fibres, with the warp and filling fibres interlacing with each other at right angles.
Scaffold characterization 2.2.1. Scaffold morphology.
The scaffolds were visualized by phase contrast microscopy and also by scanning electron microscopy (SEM; JSM-5800LV, JEOL).
In vitro degradation and mechanical testing.
Scaffolds were sterilized by exposure to formaldehyde gas and subjected to hydrolytic degradation in isotonic phosphate buffered saline solution (PBS, 1X) at 37
• C and pH 7.4 for 4 weeks. At various time points during this period, five scaffolds of each group were taken out and mechanical testing was performed using a universal testing machine (Instron 3345 Tester, Instron Corp., USA). Test specimens of 20 mm gauge length and 20 mm width were stretched to failure at a crosshead speed of 10 mm min −1 , while keeping them moist by spraying PBS. From the load-displacement curves, the failure load, elasticregion stiffness and toe-region stiffness were determined.
Cell seeding on scaffolds.
Scaffolds were sterilized by exposure to formaldehyde gas for the cell seeding studies. Semi-confluent porcine bone marrow stromal cells (BMSC), expanded through two or three serial passages, were used to seed the scaffolds. This was achieved by simple pipetting of 1 ml (5 × 10 5 cells ml −1 ) of cell suspension onto each scaffold placed in the wells of a custom-made culture. The BMSC-seeded scaffolds were then grown in vitro, in a 5% CO 2 incubator at 37
• C for 1 week, with the medium being replaced every 3 days. These constructs were then observed for cell attachment and proliferation by inverted light microscopy after live cell staining with 5-chloromethyl fluorescein diacetate (CMFDA) dye and by scanning electron microscopy (SEM).
Based on the results of these tests, group II and group III scaffolds proved superior and were further evaluated by more detailed cell adhesion and proliferation studies, and also by in vitro degradation and mechanical tests, using both PLGA and PLLA as the material for knitting the scaffolds. BMSC were used for group II scaffolds and human dermal fibroblasts (HDF); a cell-line that has also been applied successfully in tendon and ligament tissue engineering [6, 11] was used with group III scaffolds Sterile scaffolds were seeded with cells, as described previously. On the second day of incubation, the culture media were collected from the wells and cell counts were performed
Figure 1. SEM images of (A) PCL-coated, (B) collagen-coated, (C) nanofibre-coated knitted and (D) woven scaffolds (B and C have been seeded with cells).
using a haemoctyometer. The cell seeding efficiency was expressed as the number of cells attached to the scaffold as a percentage of the total number of cells seeded (5 × 10 5 cells). Cell attachment, spread and proliferation were studied by visualizing the constructs by fluorescence microscopy after live cell staining with CMFDA and also evaluated by SEM. Quantitative cell proliferation assay was performed using the colorimetric MTS assay (CellTiter 96 Aqueous Assay, Promega, USA) or Alamar Blue assay (BioSource International, CA, USA) on day 2 and day 7 after cell seeding. The percentage increase in cell population during this period was determined and compared for various scaffold groups.
Mechanical testing of cell-scaffold constructs.
Cellscaffold constructs of various groups were mechanically tested (n = 4/5) as performed previously for the unseeded scaffolds. The failure load, elastic-region stiffness and toeregion stiffness were determined.
Results
Phase contrast microscopy and SEM (figure 1) revealed that all the modification techniques could uniformly fill up the macrosized pores of the knitted scaffold. Group II scaffolds revealed nanofibres of 300-900 nm diameter, spread randomly over the knitted scaffolds, leaving pores ranging from 2 to 50 µm in dimensions. Mechanical (table 1) and degradation testing (figure 2) showed that all groups of hybrid scaffolds possessed slightly lower failure load, but had significantly lower stiffness. Woven scaffolds were significantly stronger (42% higher) and stiffer (85% higher) than knitted scaffolds.
Cell seeding efficiency was found to be 80-89% with group II and 61-69% with group III scaffolds. Cells could be grown on all the scaffold types, but proliferation was notably better on group II and III scaffolds (figure 3). Cell proliferation assays showed that the cell population increased by 6.6% (group III; knitted PLGA), 11% (group III; knitted PLLA) and 8% (group II; knitted PLLA) between the second and seventh days (Alamar Blue assay) but was significantly higher in group II with knitted PLGA scaffolds (92%; MTS assay).
Cell seeded scaffolds of group II exhibited a slight increase in failure strength during two weeks of in vitro culture, while the strength of group III scaffolds was higher during the first week, but dropped below control levels by the second week (data not shown). 
Discussion
The hybrid scaffolds derive their mechanical integrity from the microfibres of the knitted structure, while the coatings help to reduce the pore size and provide a large favourable surface for cell attachment and growth. This was most significantly observed with group II and III scaffolds, due to the nanoarchitecture of nanofibres and collagen coat. Electrospun polymeric nanofibres possess a high surface area to volume ratio and are more hydrophilic than the bulk polymer [19] . Also, soluble collagen has been known to self-assemble into a nanofibrillar stucture on gelling at 37
• C [20] . Thus, such modification techniques could allow easy and efficient cell seeding by pipetting the cell suspension on to the scaffolds. The cell seeding efficiency and cell proliferation rate were particularly high on the group II scaffolds, being highest with scaffolds with PLGA nanofibres coated on knitted PLGA scaffolds. Though the modification techniques slightly reduced the failure strength of the knitted scaffold, the hybrid scaffolds were significantly less stiff, or in other words, more elastic than the knitted meshes. Moreover, after in vitro culture with seeded cells, the mechanical properties improved in group II and III scaffolds. The initial weakening of the various hybrid scaffolds might have resulted from the processing techniques (interaction with organic solvents during electrospinning or water during collagen coating, drying steps or storage conditions), which would need to be further optimized. A less harsh organic solvent such as hexafluoroisopropanol (HFIP) could be used for electrospinning the PLGA polymer. Similarly, the duration of steps involving hydration of the scaffolds should be minimized.
An increase in strength, as observed with the PCL-coated and woven scaffolds, is desirable for tendon/ligament tissue engineering. However, cell attachment and proliferation were observed to be suboptimal on these scaffolds. This may be attributed to the compact structure and low porosity of the woven scaffold, and hydrophobic nature of the PCL coating [21] .
Use of PLLA fibres, instead of PLGA for knitted scaffolds, could also improve the mechanical properties and slow down the degradation rate. However, group II hybrid scaffolds derived from it performed significantly poorer in terms of cell attachment and growth. This may be attributed to the relatively higher hydrophobic nature of PLLA [22] . Such a difference was not observed in group III scaffolds, where the collagen coating over the PLGA or PLLA fibres offers a very favourable surface for cell attachment and proliferation.
While the various coating techniques, especially the nanofiber and collagen coatings, could improve cell attachment and proliferation on the knitted scaffolds, the hybrid scaffolds were mechanically still inadequate for ligament and tendon tissue engineering application. While tendon/ligament healing requires a scaffold to provide mechanical support for a period of at least 12 weeks, the mechanical properties of all the PLGA-based scaffolds deteriorated drastically in 3-4 weeks. Alternative biomaterials such as silk that possess not only better mechanical properties but also have a much slower degradation profile would be more favourable [23] . Thus, hybrid scaffold systems, created using the coating techniques developed in this study, on knitted silk scaffolds would be better suited for ligament and tendon tissue engineering.
Conclusions
Knitted scaffolds could sustain cell growth and proliferation better than woven scaffolds. Knitted PLLA scaffolds exhibited a better mechanical and degradation profile than PLGA scaffolds which degraded completely over 4 weeks. The hybrid scaffolds possessed good mechanical properties and could be easily seeded with cells. The modification techniques of coating with nanofibres or collagen were particularly effective in aiding cell attachment, growth and proliferation. Such hybrid scaffolds have great potential in tissue engineering of tendons/ligaments.
